The rps19 ribosomal protein gene, which has not been previously reported in any mitochondrial genome, was Identified by sequence analysis in the mitochondrial DNA of the higher plant Petunia hybrida. According to the sequence of eight rps19 cDNAs, seven C to U conversions with respect to the genomlc sequence are present in rps19 transcripts. Not all transcripts are fully edited at these seven sites. Six of the seven C to U conversions change the encoded amino acid sequence by altering four codons. The rps19 gene is located entirely within a repeat sequence which Is present in three copies on the 443 kb genome. Due to intragenomlc recombination across these repeats, Petunia rps19 is present in nine different genomic environments.
INTRODUCTION
Mitochondrial ribosomal RNA genes are located in the mitochondria (mt) in all eukaryotes that have been studied (1) . In contrast, the cellular location of the mt ribosomal protein genes varies among different groups of eukaryotes. In vertebrates, the entire set of ribosomal proteins required by the mitochondria are encoded by the nucleus (2, 3) . One ribosomal protein gene has been found in the mitochondrial genome of yeast (varl) and Neurospora (S5), but the majority of the ribosomal proteins in the fungi are imported from the cytoplasm (4) .
In contrast to the relatively small mitochondrial genomes of vertebrates and fungi, higher plant mt genomes are quite large, and vary in size from 208 kb (Brassica hind) to approximately 2200 kb (muskmelon) (5, 6) . The large plant mitochondrial genome can potentially accomodate many more protein-coding genes than other eukaryotic mitochondrial genomes. Within the past few years, coding regions similiar to prokaryotic ribosomal protein genes have been found in plant mt genomes; rpsl2 in wheat, maize, and Petunia (7, 8) , rpsB in tobacco, maize, wheat, and Petunia (9, 10, 11) , rpsl4 in broadbean, soybean, and Oenothera (12, 13) , and rps3 and rpll6 in maize (14) and Petunia (15) . The transcripts from several of these plant mt ribosomal protein genes (S12, S13, SI4) have been shown to undergo the process of RNA editing (13, 16, 17) .
We have found a gene in the mitochondrial genome of Petunia hybrida line 3704 which is identified as the ribosomal protein S19 (RPS19) by virtue of its similarity to bacterial and chloroplast S19. The rpsl9 gene is located within a repeated sequence. The 443 kb mitochondrial genome of Petunia hybrida line 3704 contains three copies of this repeat, which appears to undergo recombination (11) . By cDNA analysis, we have determined that transcripts containing rpsl9 undergo the process of RNA editing.
MATERIALS AND METHODS

DNA preparation and Southern analysis
Total DNA enriched for mitochondrial DNA from Petunia hybrida line 3704 suspension cells was isolated by differential centrifugation following the procedure previously described (18) , but the DNA was harvested prior to sucrose gradient centrifugation.
The DNA blot hybridization analysis was carried out using standard procedures (19) except that the gel was subjected to short-wave UV for 5 minutes prior to blotting to aid in the transfer of large DNA fragments. After hybridization, the blot was washed at 65°C in 0.2XSSC, 0.1% SDS. The probe used for this analysis was the same as that described below for cDNA library screening.
Genomic and cDNA clone isolation
The genomic mitochondrial DNA clones containing the recombination repeats were isolated from cosmid libraries of Petunia hybrida line 3704 and 3688 suspension cell DNA which were previously described (11, 20) . Standard restriction mapping and cloning techniques were utilized in the analysis.
A cDNA library was made by C.Sutton using random hexamers as primers to 3704 suspension cell total mitochondrial RNA which was prepared by conventional methods. The cDNAs were cloned into the Lambda Zap vector supplied by Stratagene. S19 cDNAs were isolated from this library with a random hexamer labelled 255 bp BglTJ fragment containing 177 bp of the coding sequence and 76 bp of the 3' flanking sequence from a genomic subclone of rpsl9 from line 3688. Bluescript plasmids used in further manipulations were excised in vivo from the lambda cDNA clones of interest using the procedure supplied by Stratagene. Figure 2 . Nucleotide sequence of the rpsl9 locus beginning from the Sail site upstream of rpsl9 and extending 91 bp beyond the stop codon. The S19 amino acid sequence deduced from the genomic DNA sequence is shown. From cDNA analysis, the rpsl9 transcript appears to be edited. The seven edited sites are shown as thymidines below the genomic sequence. Amino acid changes which result from this editing are shown in bold type above the S19 protein sequence. Figure 1 , with the recombination repeat and coxll-l shown for reference. The sequence of the Petunia hybrida line 3704 mitochondrial DNA that encodes rpsl9 is presented in Figure 2 . The sequence of the rpsl9 coding region contained in two additional repeat copies present in line 3704, the 19.6P and 26.0P repeats, are identical to the presented rpsl9 sequence from the 8.9P repeat (data not shown). In addition, the coding sequence of rpsl9 from a truncated recombination repeat in Petunia parodii line 3688 is identical to that from line 3704 (data not shown).
Sequence analysis
RESULTS
Isolation and sequence of the rpsl9 gene
Genomk environments of the rpsl9 gene
Since the rpsl9 gene lies entirely within the recombination repeat, it was predicted to also exist within the other copies of the repeat present in the Petunia mitochondrial genome. This concept is shown schematically in Figure 3 with the PstI sites adjacent to the recombination repeat, and the rpsl9 locus shown for clarity.
To test this prediction, a DNA hybridization analysis was performed. Figure 4 (A) shows the autoradiogram of a DNA blot of Pstl-digested Petunia hybrida 3704 DNA probed with a BglTJ clone containing 177 bp of coding sequence and 76 bp of 3' flanking sequence from the rpsl9 gene cloned from Petunia parodii line 3688. The restriction map of the rpsl9 locus from line 3688 is shown in Figure 4 (B) along with the Bgin fragment used as a probe. As seen in Figure 4 (A) the rpsl9 probe hybridized to nine PstI fragments whose sizes correspond to the nine fragments which contain the recombination repeat in nine different genomic environments. The difference in intensity between the nine different bands is likely to be a result of uneven transfer and is not an indication of the relative abundance of the different repeats.
cDNA analysis of the rpsl9 gene Recently, RNA editing has been shown to occur in higher plant mitochondria. cDNAs from plant mitochondrial RNAs contain thymidine at selective positions in which cytidine is present in the genomic DNA sequence (17, 22, 23 PstI fragments correspond to the recombination repeat described previously (11) hybrida atp9 (24), or quite limited, e.g., 2 cytidines edited within 99 codons of Oenothera rpsl4 (13) . Eight rpsl9 cDNAs were isolated from a lambda cDNA library of Petunia hybrida line 3704 suspension cell mt RNA using the rpsl9 probe shown in Figure 4B . Four of these cDNAs (2, 3, 4, 8) cover the entire rpsl9 coding sequence while 3 cDNAs (1, 5, 6) end between 34 and 44 bp upstream of the TAA stop codon. cDNA # 7 begins 116 bp downstream of the ATG start codon and ends at the stop codon. One strand of the coding region from each of these rpsl9 cDNAs was sequenced. A schematic of the sequencing results is shown in Figure 5 . Seven RNA editing sites were found within the rpsl9 coding region. cDNA # 1 was edited at all seven sites while the remaining seven cDNAs were partially edited.
The process of RNA editing often changes the amino acid sequence of the proteins encoded by the edited RNA (13, 16, 17, (22) (23) (24) (25) (26) (27) . The seven RNA edits in rpsl9 are shown in Figure 2 as thymidine residues below the genomic sequence. Six of these edits change four amino acids at positions 39, 46, 55, 74 as shown above the S19 protein sequence deduced from the genomic sequence. The seventh RNA edit, at +15 bp relative to the ATG, does not change the amino acid at that position because of the degeneracy of the genetic code.
S19 protein identification and comparison
The amino acid sequence shown in Figure 2 was identified as the ribosomal protein S19 based on its similarity to known S19 proteins using the FAST A search (28) . An alignment of the Petunia hybrida line 3704 mitochondrial S19 protein with six other S19 proteins is shown in Figure 6 . Amino acids which are conserved between eight of the nine S19 proteins are highlighted with an asterisk. The Petunia S19 protein is 45 %, 37%, and 35 % identical to S19 from Mycoplasma capricolum, maize chloroplast, and tobacco chloroplast respectively.
The alterations in amino acids predicted as a result of RNA editing are shown in bold above the genomic sequence in Figure 6 . In several cases, RNA editing increases the amino acid sequence conservation between plant mitochondrial proteins and their counterparts in the prokaryotes and the chloroplast (13, 23, 26, 27) . Two of the four amino acid changes resulting from RNA editing in Petunia S19 increase its conservation with other S19 proteins. In Petunia S19, a serine at position 39 is changed to a leucine, which conserves a hydrophobic amino acid at this position. Leucine is also present at the analogous position in Figure 6 . Alignment of Petunia hybrida mitochondrial S19 protein (deduced from the genomic sequence) with eight other S19 proteins. Gaps indicated by dotted lines were introduced to maximize the alignment. Asterisks below the proteins indicate amino acid residues conserved in the eight of the nine S19 proteins. Amino acid changes which result from RNA editing are shown in bold type above the Petunia S19 protein sequence. Boxed amino acids highlight the increase in protein conservation which results from RNA editing at these positions. Numbering is with respect to the Petunia sequence. The S19 proteins aligned with the Petunia sequence are from the following: Escherichia coli (29) , Mycoplasma capricolum (32), Cyanophora paradoxa cyanelle (33), Halobacteriwn halobium from +13 to the end (34), Euglena gracilis chloroplast (34), Marchantia polymorpha chloroplast (36), maize chloroplast (37), and tobacco chloroplast (38) .
Cyanophora paradoxa cyanelle, Halobacterium halobium and maize chloroplast S19. At position 55 in Petunia S19, a proline is changed to a phenylalanine. Mycoplasma capricolum and Halobacterium S19 also contain phenylalanine at the same position. The two other amino acid changes resulting from RNA editing in S19 (positions 46 and 74) do not increase the protein conservation of this sequence relative to other S19 proteins.
DISCUSSION
We have identified a mitochondrial gene in Petunia which has the potential to encode the ribosomal protein, S19. The rpsl9 DNA sequence predicts a protein with a molecular weight of 11,222. The molecular weight of E. coli S19 is similar (10,430) (29) . 37% of the Petunia S19 amino acid residues are basic, and this highly basic composition is expected for ribosomal proteins. In addition, the Petunia S19 protein is 37% identical to E. coli S19. This degree of similarity is enough to assign the predicted 94 amino acid protein as S19. Rpsl9 was found on the 8.9P repeat which lies upstream of coxll-l. There are two additional copies of this recombination repeat on the 443 kb Petunia line 3704 mitochondrial genome. Due to intragenomic recombination, this repeat exists in nine different genomic environments (11) . With sequence analysis we have shown that the rpsl9 gene resides in all three copies of the repeat and by Southern analysis have shown that rpsl9 is present in nine different sequence environments.
In addition to Petunia rpsl9, there are other instances of higher plant organellar genes which have been found to be associated with recombination repeats. The wheat atp6 gene is also located within a repeated element and is present in four genomic environments (10) . Just downstream of the same repeated element is the ribosomal protein gene, rpsl3. This gene does not appear to be expressed (10) . CoxII-1 in Petunia hybrida line 3704 is located just downstream of the 8.9P recombination repeat and transcripts actually begin within the recombination repeat (21) . The rpsl9 gene in spinach chloroplasts maps to an unusual location on the chloroplast genome. This chloroplast gene straddles the junction between the single copy region and the large inverted repeat. Recombination at this repeat creates two rpsl9-like genes, one of which is probably non-functional since it contains only a 5' portion of rpsl9 (30) . The Petunia mitochondrial rpsl9 gene is located entirely within the recombination repeat, with approximately 1 kb of repeated sequence upstream and 3 kb downstream of the coding region. It is therefore unlikely that repeat recombination would alter the expression of this gene.
From an analysis of eight rpsl9 cDNAs, seven RNA editing sites (C to U conversions) were found within the rpsl9 coding region. Sequence information gained from these cDNAs revealed no evidence for RNA editing in the sequence flanking the rpsl9 coding region. Only one of the sequenced cDNAs was fully edited at all seven sites. The partially edited transcripts may represent intermediates in the editing process. The proportion of fully edited versus partially edited transcripts appears to vary widely between different plant mitochondrial genes. No partially edited coxIH transcripts were found in wheat (25) or in Petunia atp9 (24) . In contrast, all of the examined Oenothera nad3 transcripts are partially edited (26) . If these partially edited transcripts are translated, proteins with variations in amino acid sequence would be synthesized.
RNA editing of plant mitochondrial genes has been shown to result in the increased conservation of protein sequences (13, 15, 22, 23, 26, 27) . In Oenothera NAD3, nine of the twelve amino acid changes which result from RNA editing clearly increase the Oenothera NAD3 conservation with other NAD3 proteins (26) . RNA editing at the seven specified nucleotides in Petunia S19 results in amino acid changes at four positions. At these four sites, the amino acid predicted from the DNA sequence is not found in any known S19 protein; editing at two of these sites results in the encoding of an amino acid which increases the amino acid conservation of Petunia S19 with other S19 proteins. However, in two cases, the edited transcript encodes an amino acid different from the ones observed in all other known S19 proteins. At position 46, the Petunia transcript encodes phenylalanine while threonine is present in every other S19. The amino acid predicted from the genomic sequence at this position (serine) is a conservative change from threonine while the phenylalanine predicted at this position from two of the rpsl9 cDNAs is non-conservative. At position 74, the Petunia transcript encodes phenylalanine while other S19 proteins have proline, leucine or glutamine at this position.
In vertebrates and lower eukaryotes, the mitochondrial ribosomal proteins are encoded by the nucleus (with the exception of varI(S5) in the fungi) (3, 31) . Because a full-length rpsl2 is not present in the Oenothera mitochondrial genome (26) and rpsl4 has not been detected in maize mitochondria (12) , certain plant mitochondrial ribosomal proteins are also likely to be encoded by the nucleus. However, genes with homology to rpsl2, rpsl3, rpsl4, rps3, rpll6 (7-15) have been found in plant mitochondrial DNA. Although immunological evidence for the synthesis of ribosomal proteins in plant mitochondria is presently lacking, Petunia rpsl9 and the other plant mitochondrial ribosomal protein genes whose transcripts undergo processing in the form of RNA editing are likely to be functional genes.
